Abstract Schizophrenia is a chronic debilitating neuropsychiatric disorder that affects about 1 % of the population. Dystrobrevin-binding protein 1 (DTNBP1 or dysbindin) is one of the Research Domain Constructs (RDoC) associated with cognition and is significantly reduced in the brain of schizophrenia patients. To further understand the molecular underpinnings of pathogenesis of schizophrenia, we have performed microarray analyses of the hippocampi from dysbindin knockout mice, and found that genes involved in the lipogenic pathway are suppressed. Moreover, we discovered that maturation of a master transcriptional regulator for lipid synthesis, sterol regulatory element binding protein-1 (SREBP1) is induced by neuronal activity, and is required for induction of the immediate early gene ARC (activity-regulated cytoskeletonassociated protein), necessary for synaptic plasticity and memory. We found that nuclear SREBP1 is dramatically reduced in dysbindin-1 knockout mice and postmortem brain tissues from human patients with schizophrenia. Furthermore, activitydependent maturation of SREBP1 as well as ARC expression were attenuated in dysbindin-1 knockout mice, and these deficits were restored by an atypical antipsychotic drug, clozapine. Together, results indicate an important role of dysbindin-1 in neuronal activity induced SREBP1 and ARC, which could be related to cognitive deficits in schizophrenia.
Introduction
Schizophrenia is a major health burden for patients, families, and public health systems. It is characterized by positive symptoms such as hallucinations and negative symptoms including flattening of affect and cognitive deficits, that are more resistant to treatment. Recent work has identified potential genetic risk factors of the disorder, as well as more proximate synaptic and circuit mechanisms that may underlie specific clinical endophenotypes [1] [2] [3] [4] [5] . One of the potential genes involved in schizophrenia is dystrobrevin-binding protein-1 or dysbindin-1. This is a coiled-coil domain containing protein, and one of eight subunits of the biogenesis of lysosome-related organelles complex 1 (BLOC-1). Singlenucleotide polymorphism of the dysbindin gene is associated with a higher risk of schizophrenia, and postmortem brains of schizophrenia patients show decreased expression of dysbindin protein [6] [7] [8] . Dysbindin-1 is involved in the regulation of vesicle formation and synaptic release as a partner of BLOC-1 [9, 10] . Analysis of dysbindin-1 mutant mice reveals increase in dopamine turnover [11, 12] , and disruption of the SNARE complex [9] , dopamine receptor trafficking [13] , Electronic supplementary material The online version of this article (doi:10.1007/s12035-016-9773-x) contains supplementary material, which is available to authorized users.
and NMDA receptor surface expression [14] . Recently, dysbindin-1 has been identified as a protein associated with cognition [15, 16] using the Research Domain Criteria (RDoC), defined by National Institute of Mental Health (NIMH) to associate discoveries from neuroscience research and clinical symptoms.
Lipids form cellular membranes, neuroactive hormones, and intracellular signaling molecules in the brain, and are involved in protein modifications of many molecules including G-proteins [17] [18] [19] [20] . A normal flux of cholesterol and other lipid species is dependent on a metabolic web of enzymes that synthesize and break down lipids. The transcription of these enzymes is controlled by a small family of Sterol Regulatory Element Binding Proteins (SREBPs) [21] , which regulate the expression of genes involved in biosynthesis of fatty acids, cholesterol, triglycerides and phospholipids. SREBPs are synthesized and reside in the endoplasmic reticulum (ER) as precursor full-length proteins (fSREBPs) complexed with SREBP cleavage-activating protein (SCAP) and insulininduced gene (Insig) [21] . In response to signals such as lipid deprivation, full-length fSREBPs are transported to the Golgi apparatus, where they are cleaved sequentially by two proteases, site 1 protease (S1P) and site 2 protease (S2P). The newly generated N-terminal fragments (nSREBPs) are translocated into the nucleus, and bind to sterol regulatory elements (SRE) in promoter regions to stimulate the transcription of lipid-related genes [21, 22] including fatty acid synthase (FASN), acetyl-CoA carboxylase, low-density lipoprotein receptor, and 3-hydroxy-3-methyl-glutaryl-CoA reductase (HMGCR), stearoyl-CoA desaturase, and glycerol-3-phosphate acyltransferase [23, 24] . There are three wellcharacterized SREBP isoforms in mammals. SREBP1A and C are alternatively spliced isoforms from the same gene on chromosome 17p11.2 while SREBP2 is from a gene on 22q13 [25] . SREBP1 markedly increases the expression of genes producing both fatty acids and cholesterol, while SREBP2 causes preferential induction of genes related to cholesterol biosynthesis.
SREBPs respond to signaling pathways linked to energy balance and growth, and have a key central role in increasing lipid synthesis in many organs, yet their role in the brain has not been well established. Here, we show that expression of SREBP1 is significantly reduced in the dysbindin-1 knockout mouse model of schizophrenia (Sandy mice), and postmortem brain tissue from patients with schizophrenia. Moreover, we demonstrate that maturation of neuronal SREBP is regulated in an activity-dependent manner and is required for induction of an immediate early gene, activity-regulated cytoskeletonassociated protein (ARC or Arg3.1) that is important in memory and cognition [26, 27] . Furthermore, we found that activation of SREBP1 and induction of ARC are attenuated in dysbindin-1 knockout mice, whereas the atypical antipsychotic drug clozapine restores levels of nSREBP1 and ARC.
Together, results point to a link between neuronal activity, lipid biosynthesis, and cognition, which may be disrupted in schizophrenia.
Materials and Methods
Cells PC12 cells were obtained from the American Type Culture Collection (Manassas, VA). HT22, murine hippocampal culture cells were a generous gift from Dr. David Schubert at the Salk Institute. PC12 cells were maintained in a humid atmosphere containing 5 % CO 2 at 37°C in Dulbecco's modified Eagle's medium supplemented with 5 % horse serum, 5 % calf serum, L-glutamine (300 μg/ml), penicillin (100 U/ ml), and streptomycin (100 μg/ml). One day after plating, PC12 cells were differentiated in Dulbecco's modified Eagle's medium supplemented with 1 % horse serum, 1 % Pen-Strep, and 100 ng/mL nerve growth factor (NGF).
Generation of Constitutively Active SREBP (nSREBP1)
Human SREBP1A (GenBank ID: U00968) cDNAs encoding the two nuclear mature forms (1-490) were generated from construct pSREBP1A (ATCC 79811) and cloned into pCMV-Myc (Clontech) between SalI and NotI sites. The Nterminal fragment of SREBP1A bypasses the requirement of protease-mediated activation process of full-length SREBP1, and can be overexpressed in the nucleus as an active transcription factor.
Overexpression of Plasmids in PC12 Cells PC12 cells were plated at a density of 5 × 10 5 cells per well in six-well plates. Two or 3 days after plating, cells were transfected with plasmids for nSREBP-myc via Lipofectamine 2000 (Life Technologies, Grand Island, NY), according to the manufacturer's instructions [28] .
Immunofluorescence Staining PC12 cells were seeded on glass coverslips and transfected with full-length SREBP-myc plasmid. After 24 h, cells were depolarized with a buffer containing 50 mM KCl. They were fixed with 4 % PFA, washed, permeabilized and blocked with 1 % BSA, 2 % normal goat serum in PBS. Cells were then incubated with a mouse antiMyc epitope primary antibody and visualized with an appropriate Alexa Fluor 596 secondary antibody (Invitrogen, Grand Island, NY). Confocal microscopy was performed using a ×63 oil immersion objective in a Leica DMI6000 microscope (Leica Microsystems, Buffalo Grove, IL).
Animals and Housing
Mice were maintained on a 12:12 light:dark cycle at 22 ± 2°C, with ad libitum access to water and food. They were weaned at 4 weeks postnatal and housed 4 per cage, randomly assigned to one of two conditions, standard-housing (SH) or environmentally enriched (EE) conditions. SH mice were housed in open-top standard mouse cages (34 × 16 × 16 cm) with basic nesting materials. EE animals were housed in larger cages (80 × 60 × 60 cm) containing toys made of various materials, wooden blocks, climbing platforms, plastic tubes, and small houses that were rearranged and renewed twice a week to stimulate the animals' exploratory behavior. All procedures were approved by the Institutional Animal Care and Use Committee of the University of Pennsylvania.
Microarray Analyses Four homozygous dysbindin−/− (Sandy) mice and four wild-type mice were deeply anesthetized and killed by decapitation. The brains were harvested and the right hippocampus dissected out and stored in RNA Later (Ambion, Austin, TX, USA). Total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA) according to the manufacturer's protocol. Extracted RNA was purified using the RNeasy® Kit (Qiagen, Hilden, Germany). RNA was extracted from the hippocampus and submitted to the BFIG Core Facility Lab (Department of Paediatrics, National University of Singapore). The quality of RNA was analyzed using the Agilent 2100 Bio-analyzer (Agilent, Santa Clara, CA). cRNA was generated and labeled using the onecycle target labeling method and hybridized to Affymetrix Mouse Genome 430 2.0 microarrays (Affymetrix, Santa Clara, CA), using standard Affymetrix protocols. A total of eight microarrays were used for the two groups of animalsfour for the homozygous dysbindin−/− right hippocampi, and four for the wild-type right hippocampi. Initial image analysis of the microarray chips was performed with Affymetrix GCOS 1.2 software. The data were exported into GeneSpring v11 (Agilent) software for analysis using parametric test based on cross gene error model (PCGEM). T test was used to identify differentially expressed genes between the two groups. P < 0.05 was considered significant.
Ingenuity Pathway Analyses of Gene Networks
Gene identifiers and corresponding expression values of differentially expressed genes between dysbindin−/− and wild-type mice with more than 1.5-fold change were uploaded into the Ingenuity Pathway Analysis (IPA) application (Ingenuity® Systems, www.ingenuity.com). Each identifier mapped to its corresponding object in Ingenuity's Knowledge Base, and was overlaid onto a global molecular network developed from information contained in the Ingenuity Knowledge Base. Network Eligible genes are differentially expressed genes that have at least one other molecule in the Knowledge Base that interacts with it to form a network.
Ex Vivo Brain Slices and Western Blots
The frontal lobes of mice were freshly dissected out and cut at 0.4 mm intervals in the sagittal and coronal plane using a McIlwain tissue chopper. The slices were dispersed in oxygenated artificial cerebrospinal fluid buffer (ACSF, 113 mM NaCl, 4.5 mM KCl, 1 mM MgCl 2 , 25 mM NaHCO 3 , 1 mM NaH 2 PO 4 , 25 mM glucose, 2 mM CaCl 2 ), incubated with 25 mM TEA (Sigma, St. Louis, MO) for 15 min, and washed with ice cold ACSF. Tissues were homogenized in lysis buffer and subjected to SDS-PAGE and immunoblots as previously described [28] [29] [30] . Commercial phospho-specific antibodies for proteins of interest included SREBP and ARC, with GAPDH as a loading control (SREBP1 and ARC antibodies were obtained from Santa Cruz Biotechnology, Santa Cruz, CA and GAPDH from Cell Signaling, Danvers, MA). [31] . Psychiatric subjects met DSM-IV (American Psychiatric Association, Washington, DC, USA) diagnostic criteria for schizophrenia determined in consensus conference after review of medical records, direct clinical assessments of patient and interviews with caregivers. Control and psychiatric subjects were well matched for sex, age, and postmortem interval. Neuropathological examination revealed no degenerative processes in control or psychiatric cases, i.e., normal densities of amyloid plaques, neurofibrillary tangles, and Lewy bodies with no infarcts or gross cell loss.
Analyses of Human Postmortem Tissues From
Formalin-fixed, paraffin tissue blocks of the body of the hippocampus were sectioned at 6 μm and mounted on APES-coated slides. Immunohistochemistry and microscopic image analyses were conducted as previously described [6, 32, 33] . Briefly, tissue sections were dewaxed in xylene and rehydrated in descending alcohols. Endogenous peroxidase activity was quenched in 5 % H 2 O 2 -methanol for 30 min. Sections were rinsed in distilled water, followed by boiling in 1 mM EDTA (pH 8.0) for 15 min for antigen retrieval. They were rinsed in water, washed in 0.1 M Tris buffer with 0.01 % Triton X-100 (TTB), blocked in 10 % normal horse serum for 45 min and incubated in primary antibody overnight at 4°C. Primary antibody was directed against SREBP1 (Santa Cruz 13551, Mouse 1:50). The specificity of the antibody was confirmed by Western blots. The following day, sections were incubated for 1 h at room temperature in biotinylated anti-mouse secondary antibody, washed in TTB and incubated in an avidin-biotin complex for 1 h. Finally, sections were washed in TTB and reacted with a 0.05 % diaminobenzidine (DAB)-0.03 % hydrogen peroxide solution for 17 min.
Immunoreaction signal was enhanced by adding NiSO 4 (0.25 % final dilution) to the DAB solution. Sections were rinsed in water, dehydrated in ascending alcohols, cleared in xylenes, and coverslipped under Cytoseal 60 (Fisher Scientific).
Quantification of SREBP1 immunoreactivity in cell nuclei in the CA1/subiculum subregion of the hippocampus was conducted by semi-automated image analysis of net optical density (OD), defined as the OD of a region of interest (nuclei) minus the OD of the background (i.e., neighboring white matter). OD analysis was performed on high resolution, gray-scale photomontages made on a motorized microscope stage with Image-Pro Plus software (Media Cybernetics: Silver Springs, MD, USA). Nuclear regions of interest were algorithmically determined using OD, size and shape filters. Quantitative comparisons were performed only on sections photographed at the same light intensity. Operators were blinded to any identifying information throughout data accrual and analysis.
ATP Measurement ATP levels in brain tissues were measured using ATP colorimetric/fluorometric assay kit from BioVision (San Francisco, CA) according to the manufacturer's instruction.
Data Analysis All quantitative data were present as mean ± S.E., if they were derived from at least three experiments. For comparison of multiple groups, the data were analyzed by one-way analysis of variance (ANOVA) followed by a Tukey post hoc test. Student's t test was employed for directly testing the difference between two sets of independent samples. All statistical analyses were performed using GraphPad Prism (GraphPad Software, San Diego, CA). p value less than 0.05 was considered significant.
Results

Microarray Analyses of Dysbindin Knockout (Sandy Mice)
Based on Research Domain Criteria (RDoC) [15, 16] , dysbindin is linked to cognition, which may be affected in various neuropsychiatric disorders such as schizophrenia. Moreover, polymorphism in the dysbindin-1 gene has been identified as one of the risk factors associated with schizophrenia, and its expression level is significantly reduced in the hippocampus of subjects with schizophrenia [34, 35] . We therefore carried out microarray analyses on the hippocampi of dysbindin-1 knockout (dys1−/−) versus wildtype mice, to determine potential genes that might be altered in schizophrenia.
A total of 53 genes were upregulated and 165 genes were downregulated in dys1−/− mice hippocampus (P < 0.05 and at least 1.5 fold change). These included genes associated with neuronal activity, such as the NMDA receptor subunit 2A and 2B (Fig. 1a and Supplemental Table 1 ) and those related to lipids, including acyl-CoA thioesterase (ACOT), diacylglycerol kinase (DGKB), phospholipase D (PLD3), hydroxysteroid (17-beta) dehydrogenase 10 (HSD17D10). The changes in expression of several of genes were confirmed by real-time qPCR (Fig. 1b-e) . Based on the above results, we hypothesized that absence of dysbindin-1 may affect neuronal activity-induced lipid signaling with consequent effect on cognition, and proceeded to explore a link between neuronal activity and a master regulator of lipid biosynthesis, SREBP1 [21] .
In Vitro Studies on the Relation Between Depolarization and SREBP1 in PC12 Cells
Differentiated PC12 cells were treated with 50 mM KCl for 60 min to induce depolarization and expression levels of SREBPs determined. Treatment with 50 mM KCl for 60 min resulted in cleavage of full-length SREBP1 (fSREBP1) to produce nSREBP1 while there was no change in nSREBP2 (Fig. 2a) . Moreover, ARC (activity-regulated cytoskeleton-associated protein, or Arg3.1) expression was increased upon KCl treatment. We performed immunofluorescence staining on differentiated PC12 cells overexpressing full-length SREBP1 plasmid that was conjugated with green fluorescent protein (GFP) on the N-terminal to enable detection of both the unprocessed and cleaved forms of SREBP1. SREBP1 was predominantly located in the cytosol of PC12 cells before treatment with KCl, but after KCl-induced depolarization, SREBP1 was mostly found in the nucleus. This indicates that full-length SREBP is cleaved and its Nterminal fragment which contains the SRE binding domain is translocated to the nucleus (Fig. 2b) .
Microarray analysis of altered genes in the dys1−/− mouse hippocampus indicated reduction in expression of the cytoskeleton related protein, ARC, which plays a critical role in cytoskeleton remodeling necessary for consolidation of memory. Hence, we sought to elucidate a possible relationship between SREBP1 and ARC. PC12 cells were transfected with the nuclear form of SREBP1 tagged with myc (nSREBP1-myc, amino acid 1-490), which can bypass the cleavage process for maturation and activation of SREBP, and expressed in the nucleus as an active transcription factor. Overexpression of nSREBP1 induced the expression of ARC, similar to the effect of 50 mM KCl depolarization (Fig. 2c, lane 3 vs 4) . The expression of ARC in nSREBP1 overexpressing cells was further increased by KCl depolarization (Fig. 2c lanes 4-6) .
To confirm that SREBP1 drives the expression of ARC, cells were pretreated with PF-429242 (10 μM) to block site 1 protease (S1P)-mediated cleavage and activation of fSREBP1 for 30 min prior to depolarization. PF-429242 not only blocked an activity-dependent generation of nSREBP1 but also induction of ARC (Fig. 2e, f) . Together, results indicate that cellular depolarization induces maturation of SREBP1, which is necessary for induction of ARC.
In Vitro and In Vivo Studies on the Relation
Between Neuronal Activity and SREBP in Cultured Neurons, Brain Slices, and NMDA Hypomorph Mice Since PC12 cells are a type of neuroendocrine cells, we sought to verify the relation between depolarization and SREBP1 in neurons, using immortalized mouse hippocampal cell line, mouse primary cultured hippocampal neurons, mouse hippocampal slices, and behaving mice in vivo. As with PC12 cells, KCl depolarization induced cleavage of fSREBP1 in differentiated HT22 cells (immortalized mouse hippocampal cell line) as well as mouse primary hippocampal neurons (Fig. 3a, b) .
To confirm the effect of neuronal activity on SREBP1 processing in an ex vivo model, we determined possible effects of tetraethylammonium chloride (TEA), a potassium channel blocker and inducer of neuronal activity on SREBP1 activation and ARC in mouse hippocampus slices [28] [29] [30] . A fifteen-minute treatment with 25 mM TEA resulted in increased nSREBP1, indicating that processing of SREBP1 is c Differentiated PC12 cells were transfected with different amount of nSREBP-myc and depolarized for 60 min. Cell lysates were subjected to immunoblotting. d Arc expression was quantified and normalized by GAPDH levels. Student's t tests were performed (*p < 0.05). e A blockade of SREBP processing inhibits Arc activation in differentiated PC12 cells. f Arc expression was quantified and normalized by GAPDH levels. Student's t tests were performed (*p < 0.05). The representative data is shown from three or four independent experiments enhanced by TEA (Fig. 3c) . As expected from findings in PC12 cells, the same treatment also resulted in increased expression of ARC (Fig. 3c) . Since NMDA receptor function is closely related to ARC, and NMDA activity is downregulated in the dys1−/− mouse model of schizophrenia [6, [36] [37] [38] , we determined whether SREBP1 expression could be altered in NMDA receptor1 (NR1) hypomorph mice. Significant reduction in nSREBP1 was found in the brains of these mice (Fig. 3d) . Similarly, administration of an NMDA receptor antagonist, ketamine, in wild-type mice led a reduction in nSREBP1 (Fig. 3e) . Together, results indicate that NMDA receptor activation is associated with nSREBP1 expression.
To demonstrate a possible link between the environment and SREBP1 processing in behaving animals, we employed an environmental enrichment paradigm, which is a combination of inanimate and social stimulation that has been shown to increase hippocampal neurogenesis, enhance synaptic plasticity, and improve memory [39] [40] [41] . Four-week-old wild-type B57/C6 mice were exposed to an enriched environment for 2 weeks and expression levels of nSREBP1 in the hippocampus determined. Mice in standard condition had low levels of nSREBP1, while those exposed to environmental enrichment showed significantly greater nSREBP1 expression (Fig. 3f) . Together, the above results indicate that neuronal depolarization induces maturation of SREBP1 and induction of the plasticity related protein ARC, which could be a cellular substrate for improved cognition in an enriched environment.
In Vitro and In Vivo Studies Demonstrating Disruption in the Relation Between Neuronal Activity, SREBP, and ARC in Dysbindin-1 Knockout Mice
In view of changes in lipid-related genes found in our microarray analyses of dysbindin-1 knockout mice, we sought to establish whether neuronal activity-induced increase in SREBP1 and ARC might be disrupted in these mice. The Nterminal fragment of active nSREBP1 and ARC was significantly downregulated (Fig. 4a, b) in brains of dys1−/− mice. Moreover, TEA-induced nSREBP1 and ARC were reduced in brain slices prepared from these mice (Fig. 4a, b) .
Since many antipsychotic medications, especially atypical antipsychotic drugs, have a lipogenic effect and induce weight gain [42] [43] [44] of clozapine, and SREBP and ARC expression measured. Administration of clozapine increased the brain levels of nSREBP1 and ARC in dys1−/− mice (Fig. 5a, b) . Importantly, we confirmed that nSREBP1 expression was downregulated in postmortem brain tissue from schizophrenia patients (Fig. 6 ). The brains of these patients have earlier been shown to have reduced levels of dysbindin-1 [34, 35] .
Finally, we examined a possible link between SREBP1 and ATP levels. The SREBP pathway plays a crucial role in fundamental aspects of cell biology including lipid biosynthesis and energy production. We detected that phosphorylated adenosine monophosphate activated kinase (AMPK), which is well-characterized cellular energy sensor (Fig. 7a, b) is increased in dys1−/− mice brain. We further showed that ATP levels were reduced in the brain of dys1−/− mice (Fig. 7c) . Taken together, the above results indicate that neuronal depolarization induced maturation of SREBP1 and expression of ARC are affected in dysbindin-1 knockout mice and human cases of schizophrenia, which could be a cellular substrate for cognitive deficits in this disease.
Discussion
In the present study, we have performed unbiased microarray and pathway analyses, and found altered expression of many lipid-related genes in dys1−/− mice. Based on these analyses, we further identified that a master transcriptional regulator of lipid biosynthesis, SREBP1 is significantly reduced in dys1 −/− mice and postmortem brain tissues from patients with schizophrenia. We also found that maturation of SREBP1 in neurons is modulated in an activity-dependent manner that can be triggered by depolarization or environmental enrichment. We further identified that maturation of SREBP1 is necessary for induction of an immediate early gene, ARC expression that plays a critical role in learning and memory. Furthermore, we found loss of activity-dependent induction of SREBP1 processing as well as ARC induction in brain slices from dys1−/− mice. This deficit was restored by the antipsychotic drug, clozapine, which is known to induce lipid synthesis [45, 46] . Together, results indicate that SREBP1 is dynamically regulated by neuronal activity, and dysregulation may contribute to cognitive deficits in schizophrenia. We first carried out comprehensive gene expression profiling on the hippocampi of dysbindin-1 knockout (Sandy) mice, to determine possible changes in gene expression in these mice. Based on the microarray and qPCR analyses, we confirmed a decrease in mRNA expression of ACOT, DGKB, PLD3, and HSD17D10. These genes play an essential role maintaining lipid homeostasis. ACOT catalyzes the hydrolysis of acyl-CoAs to free fatty acids and coenzyme A [47] . DGKB and PLD3 modulate glycerophospholipid and phospholipid production, respectively [48, 49] and HSD17B10 is involved in regulating fat and steroid hormone production including estrogen [50, 51] . Even though we did not test their expression levels by qPCR, there are several other genes that are downregulated in the dysbindin-1 −/− mice, which could have an effect on lipid balance. For example, the expression of glucose phosphate isomerase 1 (GPI1) is decreased, and its reduction is known to reduce lipid synthesis [52] . Based on these results, we hypothesized that the absence of dysbindin-1 may affect neuronal activity induced lipid signaling, with consequent effect on synaptic plasticity and cognitive function; and proceeded to explore a link between neuronal activity and a master regulator of lipid-related gene expression, SREBP1 [21] .
A change in energy balance such as lipid deprivation rapidly stimulates SREBP maturation in peripheral tissues, but it is not well understood how SREBPs are regulated in the CNS. Studies have reported that expression of SREBP1 in the brain is affected more by age than by metabolic changes, unlike peripheral tissues [53] , and our previous studies have shown high basal expression of SREBP1 and SREBP2 in neurons of the CNS [54, 55] . In this study, we provide evidence that neuronal SREBP is dynamically and rapidly modulated by neuronal activity. Importantly, neuronal activity or NMDA receptor activity leads to SREBP1 activation, which facilitates the expression of an immediate early gene, ARC. The expression of ARC has been shown to be increased by hippocampal activity [26, 27, 56] . Conversely, reduced NMDA function may contribute to an inhibition of SREBP1 processing, leading to decreased expression of nSREBP1. In fact, when an NMDA antagonist, ketamine was administered to mice, we found a dramatic reduction in nSREBP1. Results are consistent with those of a previous study, which showed that NMDA treatment induces accumulation of nSREBPs [57] . We also demonstrated that mice exposed to an enriched environment showed a dramatic increase in nSREBP1. Environmental enrichment involves the generation of novelty and complexity in housing conditions, which facilitates enhanced sensory and cognitive stimulation as well as physical activity. In animal models, environmental enrichment has been found to have beneficial effects, including enhancing synaptic plasticity and cognition [40, 41] . Reduction of dysbindin-1 expression is a very common finding in immunostained sections of the hippocampus in patients with schizophrenia [6] . In this context, we found that dys1−/− mice lack activity-dependent maturation of SREBP1 as well as ARC induction, suggesting that lack of neuronal SREBP1 regulation may contribute to cognitive deficits in this disease. In fact, it has been shown that polymorphism of SREBP is associated with an increased incidence of schizophrenia [58, 59] , and it interesting that many antipsychotic drugs are known to cause an increase in SREBP activity, lipid synthesis, and obesity [45, 60] . Consistently, our data demonstrated that reduced expression of nSREBP1 and ARC in dys1 −/− was restored by an atypical antipsychotic drug, clozapine. It is therefore tempting to speculate that the lipogenic effect of antipsychotic drugs may have a role in their efficacy. A recent lipidomic study has shown that drug naïve first episode schizophrenia patients have reduced levels of n−3 polyunsaturated fatty acid including docosahexaenoic acid (DHA), which was corrected after antipsychotic medication [61] . It is postulated that SREBP-induced lipid biosynthesis may be needed for the cell membrane or production of lipid mediators, necessary for neurite outgrowth and synaptic plasticity.
Brain lipid metabolism is crucial for normal neural physiology and brain function, considering the fundamental roles of lipids in membrane molecular composition, cellular energy homeostasis, and signal transduction [62] . In fact, our data suggest that disrupted lipid pathway leads to a reduction of cellular energy production levels reflected by increased pAMPK and decreased ATP (Fig. 7) . It is well known that ATP plays a crucial role in different aspects of neuronal function as well as neurodevelopment [63, 64] . Moreover, evidence has demonstrated that diverse lipids exert multifaceted influences on axonal myelination, neuronal differentiation, neurite outgrowth, formation of synaptic vesicles, and synaptic plasticity [17] [18] [19] [20] . Disruption of lipid homeostasis in has been causally linked to the onset and progress of many neurological disorders such as Huntington's disease and Alzheimer's disease [65, 66] . Interestingly, polymorphisms in SREBPs have been associated with increased incidence of schizophrenia [58] . The present results add to these findings, and showed that SREBP1 maturation is positively regulated by neuronal activation, linked to canonical plasticity pathways involving ARC, and is disrupted in the dys1 −/− mouse model of schizophrenia. Together, results suggest that SREBP1 may play a dynamic role in enhancing synaptic plasticity, and its augmentation might be a potential therapeutic strategy for neurocognitive disorders such as schizophrenia.
